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Abstract

Before entering the world of superconductivity, Ted Geballe, in the 1950s, investigated the thermoelectric (TE) properties of
doped crystalline silicon. Ted’s results indicated that Si has very poor thermoelectric properties, primarily because near room
temperature most of the heat transport through Si is carried via phonons rather than electrons and holes. These findings ended the
role of Si in TE technologies for a half-century. A decade ago, it was proposed that Si in nanowire form can have good TE
properties owing to suppression of phonon heat transport by surface scattering. However, no TE device made of Si nanowires has
shown useful performance characteristics. Here, we present work showing integrated circuit Si TE generators that can generate
power per unit area per applied temperature difference that is competitive with the best existing TE technologies using more
exotic TE materials. Our devices surpass previous Si TE work not by increasing silicon’s intrinsic TE efficiency but by exploiting
modern Si processing technology to fabricate a very large number of heat harvesters per unit area. While Ted’s old work buried Si

in the TE world, our results may resurrect it as a viable TE material.
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1 Introduction

In the mid-1950s, Ted Geballe, then at Bell Laboratories, and
colleagues made the first reliable measurements of the thermal
and thermoelectric (TE) properties of doped silicon crystals
[1, 2]. They were among the first to study Si crystals of com-
parable quality to what is used in the Si industry today, so their
results continue to be cited in modern research. The main
conclusion derived from Ted et al.’s results is that doped Si
has a TE figure-of-merit, ZT'= (S*/pr)T, of order 107> to 10~
near room temperature, depending on dopant concentration.
Here, S is the Seebeck coefficient, p the electrical resistivity, «
the thermal conductivity, and 7 the absolute temperature.
Because the efficiency of a TE device, whether a generator
or refrigerator, increases monotonically with Z7' [3], TE appli-
cations require materials with much higher Z7 values. Ted
et al. attributed this small value of ZT to the high phonon
thermal conductivity in Si near 7=300 K. Because phonons
are not charged, heat transport via lattice vibrations does not
contribute to the Seebeck coefficient and makes « nearly
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independent of doping density at concentrations
£ 10" ecm . Thus, largely as a consequence of Ted et al.’s
results, Si fell out of favor for TE applications. In the last
several decades, TE technology has been based on more ex-
otic materials such as the (Bi,Sb),(Se, Te); system where ZT =
1.

TE generators have found various niche applications as a
“green” energy technology that converts wasted heat into use-
ful electrical power. Large-scale TE generators are employed
to harvest the heat produced by bulk sources such as automo-
bile engines, nuclear decay of a radioactive material, and solar
concentrators [4, 5]. More recently, microelectronic TE de-
vices aimed at on-chip thermal harvesting, heat management,
and microwatt power sources for integrated circuit (IC) elec-
tronics has gained interest [6—8]. However, exotic high ZT
materials cannot be used with modern Si-based IC electronics
because they are incompatible with the standardized industrial
Si-processing methods that form the backbone of microelec-
tronic technology.

In 2008, the notion that Si is not a useful TE material was
challenged by two groups [9, 10] who both reported that Si in
nanowire (NW) form can have ZT as high as 0.6 near 300 K. If
true, this would make Si competitive with exotic high ZT
materials, at least in microelectronic applications. The physi-
cal mechanism underlying a larger Z7'in Si NWs is thought to
be the enhancement of surface scattering when the material
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has a very high surface-to-volume ratio. Surface scattering in
principal decreases both x and p, but it is expected to suppress
the phonon contribution to x far more than it suppresses p
because a phonon’s mean-free-path is much longer that a
charge carrier’s. A higher ZT then results. This effect should
become apparent when the NW diameter becomes smaller
than the phonon mean-free-path, 100 to 200 nm in Si [11],
but remains larger than the electron/hole mean-free-path, typ-
ically < 10 nm in doped Si. Experimental [9] and computa-
tional [11-14] results support this picture.

Refs. [9, 10] measured S, p, and x on individual doped Si
NWs at different temperatures but did not construct an actual
TE generator or refrigerator device. Following their work,
many other groups tried to design and fabricate TE generators
using Si NW [15-18] or other nanostructured Si elements [19,
20] as the active TE material. Disappointingly, the TE gener-
ator characteristics and efficiencies they found imply values of
ZT consistent with that of bulk Si, not with the results of Refs.
[9, 10].

In many practical applications, a TE generator is intended
to operate between hot and cold thermal reservoirs each hav-
ing virtually a constant temperature 7 and 7¢ respectively.
The heat flow through the TE generator is small enough to
have negligible effect on the temperature of the two reservoirs.
In such a situation, the TE efficiency is much less important
than how much electrical power per unit cross-sectional area
for heat flow a TE generator can produce from the temperature
difference AT= Ty — T¢. The maximum power P, a TE
generator produces is proportional both to (AT)* and to
cross-sectional area A [3]. Thus, the characteristic of interest
is the specific power generation capacity I'p = Pray/[A(AT)],
rather than the efficiency. Unlike Z7, I'p is a circuit character-
istic that is not necessarily tied to intrinsic material properties.
I'p can be increased, for example, by using a large number of
thermocouples per unit area, even if each thermopile has a low
ZT, and by minimizing parasitic electrical and thermal imped-
ances. The best (Bi,Sb),(Te,Se); TE generators [8, 21] have
I'p in the range of 2 to 100 uW ecm 2 K 2. So to be practically
competitive with a high Z7-based TE technology, a Si TE
generator should attain I'» of order 10 uW c¢cm > K2, Up to
the present time, the highest I'» in a Si-based TE generator is
from Ref. [15] which reports I»=0.48 uW cm * K2, still
over one order-of-magnitude too small to challenge
(Bi1,Sb),(Te,Se)s-based TE devices.

2 Design and Performance of Integrated
Circuit Silicon Thermoelectric Generators

We recently developed [22] a series of Si IC TE generators
that have demonstrated I'p» values ranging from 2 to
29 uW cm % K 2, making them comparable to
(Bi1,Sb),(Te,Se); technology on a power generation
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performance basis. Moreover, our Si TE generators were fab-
ricated using a standard “65 nm node” industrial process line
that normally makes conventional microelectronic circuits
such as microprocessors, radios, and signal processors.
Consequently, our Si IC TEGs can take advantage of modern
Si processing technology so that they should be orders-of-
magnitude better than (Bi,Sb),(Te,Se); technology on a cost-
per-watt-generated basis.

The thermopiles in our TE generators consisted of doped n-
type and p-type Si nanostructured “blades” connected electri-
cally in series to form thermocouples. The typical blade di-
mensions were 80-nm width x 750-nm long x 350-nm tall.
Thus, the blade width but not the length is smaller than the
phonon mean-free-path in Si near room temperature. A blade
geometry, rather than a NW geometry, was used to comply
with standard process design rules.

Figure 1 a is a simplified sketch (not to scale) of the side
view cross-section of a typical #-p thermocouple pair forming
part of a thermopile in a TE generator. An actual TE generator
consisted of ~100 such thermocouples, with a total cross-
sectional area A for heat to flow from top to bottom of
48 pm % 36 pm. One thermocouple is formed from a pair of
4-blade nanostructured Si groups. All n-blades are connected
electrically in parallel, all p-blades are connected electrically
in parallel, and the n- and p-sides are connected electrically in
series. At the top a resistive heater with a calibrated tempera-
ture coefficient of resistance was used as both a heat source

Rheater
TH

(b)

Fig. 1 a Simplified illustration (not to scale) of the cross-section of a
basic n-p thermocouple unit that forms a typical TE generator. A
resistive heater supplies heat at temperature 73 at the top, while the
probe station chuck acts as a cold thermal reservoir at temperature 7 at
the bottom. The n- and p-type blades are typically grouped in sets of four,
each blade contacted on top by a tungsten (W) plug. b SEM cross-section
image of an actual 4-blade group forming one element of a thermocouple
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and hot reservoir thermometer to set 7, while the cold reser-
voir at the bottom is the copper probe station chuck with a
calibrated thermometer embedded in the chuck that reads 7.
Thus, the n- and p-sides are connected thermally in parallel.
Figure 1b is a scanning electron microscope cross-section im-
age of an actual 4-blade group, showing the Si blades and the
tungsten (W) electrical contacts.

Figure 2a shows thermopile current-voltage-power (I-V-P)
data taken at several different A7 on a representative TE genera-
tor. The TE power generated is P=VI. All devices showed a
linear -V with nearly constant slope. Increasing AT offsets the
[~V line from the origin. The slope Rg=|AV/Al of the linear fit to
the -V data is the source resistance. At constant A7, the open-
circuit voltage, Vo, and the short-circuit current, Isc, are the
intercepts of the -V lines with the voltage and the current axes,
respectively. The power generated P= VI is thus a quadratic
function of 7 with maximum Py = %Voclsc = Usc)*Ry/4.
Prax 18 the power generated when the load resistance R; = Rg,
known as matched load conditions. Figure 2b shows that P, is
a linear function of (A7), as expected. The slope of the fitted line
in Fig. 2b is 1.41 x 10™* uW K 2. Normalizing to the cross-
sectional area A then gives [p = Poax/[A(AT)?] =
8.2 uW cm 2 K2 for this particular TE generator. Among all
TE generator devices measured, [p ranged from 2 to
29 uW cm 2 K2, with mode and median of 8.5 pW cm 2 K 2.

The thermal impedance of each TE generator could also be
measured using the “hot strip” method [23]. The total thermal
impedance O, = AT/Q, where Q is the heat flow through the
TEG under open-circuit conditions. Here, O = Vj,cater Theater
which is known from the bias applied to the heater resistor.
Figure 3 shows AT vs. Q. The linear relationship has a slope
that gives Oy = 613.4 K/W, including all parasitic series and
leakage thermal impedances. Among all TE generator devices
measured, O, ranged from 300 to 1200 K/W with most types
having O, between 500 to 600 K/W.
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Fig. 2 a Voltage (V, open squares) and power (P =V x [, solid circles) vs.
current (/) at AT=4.8 K (black), 10.8 K (red), 16.8 K (blue), and 23.5 K
(green) for a representative TE generator. The curves are linear (for V-1)
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Fig. 3 Measured temperature difference AT from resistive heater to
chuck, plotted against heat flow Q from the resistive heater. Q is the
product of the voltage and current biases applied to the heater. The
dashed line is a linear least squares fit to the data. The slope of the line
gives the total thermal impedance O, = 613.4 K/W of the device

3 Performance Analysis

From thermal impedance measurements such as in Fig. 3 and
knowledge of the device geometry and thermal conductivities
of the materials used, we can reasonably estimate the temper-
ature at the top of the Si nanoblade thermopile, 7 tp, and the
temperature at the bottom of the Si thermopile, T p, as op-
posed to the measured temperatures 7 and 7. Because of
parasitic thermal impedances between the heater and the top
of the thermopile and between the bottom of the thermopile
and the chuck, the actual temperature difference across the
thermopile itself, ATrp = Ty 1p — Tc 1p is less than the applied
temperature difference AT=Ty — Tc. For most of our TE
generators, our modeling shows that AT1p=0.1 AT, i.e., for
an applied AT of 20 K as measured by the thermometers in the
heater and the chuck, the temperature difference across the
thermopile itself is typically close to ATrp~2 K.

Obtaining a reasonable estimate of 7 1p and T 1p allows
estimation of the ZT value of the Si nanoblades using the
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and quadratic (for P—/) least squares fits to the data. b Maximum power
Prax = VaVoclsc vs. (AT)? from the data in (a). The solid line is a linear
least squares fit
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theoretical efficiency for a matched load R; = Ry [3], where
t=Tcrp/Ty1p is the temperature ratio between the top and
bottom of the thermopile:

The leading term (1) is the Carnot efficiency. Using Eq. 1
with the empirically determined Pp,.x and Oy and modeled
value of #, we estimate the Si nanoblades in the TE generator
whose characteristics are shown in Fig. 2 have ZT7'=0.007,
which is the same order-of-magnitude as bulk crystalline Si
having similar dopant density [1, 2].

It appears paradoxical that the Si IC TE generators we de-
veloped have I'p equal to that of the best high Z7 TE generators
yet still have poor thermopile efficiency. The resolution lies in
the fact that advanced Si processing can fabricate a far higher
areal density of thermocouples than any competing material
technology. Our Si TE generators typically have >4 x 10° ther-
mocouples cm 2. This is to be compared to the most advanced
(Bi1,Sb,Pb)(Te,Se) TE generators which have thermocouple
densities < 10* cm ™. Thus, the lower ZT and hence efficiency
of each Si nanoblade thermocouple can be compensated for by
using more thermocouples per unit area to harvest heat.

4 Summary

In summary, the original work done by Ted Geballe and col-
laborators some 60 years ago showed the crystalline-doped Si
should not be a practically useful thermoelectric material,
prompting a decades long and continuing search for better
TE materials. A half-century after their work, it was shown
that crystalline Si in nanowire form could possibly be a useful
TE material, but this promise was never fulfilled in any actual
TE device. Our work demonstrates that, at least in certain
microelectronic applications, integrated circuit Si TE genera-
tors can generate at least as much power per unit area per
applied temperature difference as more exotic TE material
technologies. The power generation performance out of Si
IC TE generators comes not from an increase in TE figure-
of-merit of nanostructure Si but from the ability of modern Si
processing technology to fabricate a larger number of thermo-
couples per unit area to harvest heat and to control thermal and
electrical parasitic impedances. Because our Si TE generators
were made using standard industrial processes, it is straight-
forward to manufacture them in a commercially scalable man-
ner at very low marginal cost.
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